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Recent experimental results on the understanding of the QCD structure of the proton are pre-
sented. A particular emphasis is given on the gluon content of the proton, whose precise knowl-
edge has direct implications for theoretical predictions at the LHC. The most important data used
in the determination of the parton density functions (PDFs) are ep Deep Inelastic Scattering (DIS)
cross sections measured at HERA. New combined data from H1 and ZEUS experiments are im-
proving further the experimental accuracy, in particular at low Bjorken x, and lead to precise
predictions of cross sections for LHC phenomena. The flavour content of the proton is further
studied using final states with charm and beauty in DIS ep and pp¯ collisions. Finally, diffractive
reactions involving a hard scale are mentioned as a tool for investigating the low x structure of the
proton.
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1. Introduction
The understanding of high energy collisions involving protons relies on the factorisation theo-
rem, which states that the cross section is a convolution of a perturbative part, which describes the
parton-parton interactions at high energy, with a non-perturbative part that describes the momen-
tum distributions of the partons inside the proton [1]. The parton distribution functions f (x,Q2)
(PDFs) encapsulate the parton content of the proton. They depend on the proton momentum frac-
tion carried by the interacting parton, x, and the scale Q2 at which the proton is probed. Their
form cannot yet be calculated within QCD. Nevertheless, their evolution with Q2 is predicted in
perturbative QCD by the DGLAP equations [2]. Therefore, the PDFs need only to be parametrised
as a function of x at a given Q2 scale. The status of the proton structure investigations can be repre-
sented in the kinematic plane x−Q2, displaying regions accessed by fixed target experiments and
high energy colliders, as in figure 1(a). The large and unique kinematic coverage of HERA can be
observed, allowing to probe the proton structure in the perturbative domain down to low x values
of ∼ 10−5. This regime is particularly important for LHC physics since the production of particles
of moderate masses like W , Z or Higgs bosons will involve mainly partons of medium to low x
and are therefore dominated by the scattering of gluons and sea quarks. A precise knowledge of
the proton gluon density is thus an important input for the calculation of main SM processes at the
LHC. The measurements are complemented by the pp¯ collider Tevatron, where W boson and jet
production processes bring additional constraints to the proton structure at high x, a regime which
correspond to the production of possible new massive particles at the LHC. The parametrisation in
x of the PDFs is constrained by fits to the different available measurements, from ep DIS in fixed
target experiments and collisions at HERA and from pp¯ collisions at the Tevatron. Different group
of PDF sets exist, with differences in the choice of the data sets used in the fit, as well as in the
treatment of theoretical inputs. Variations between the predictions of different PDFs sets, which
are sometimes larger than the quoted uncertainties, raise the question of the theoretical errors asso-
ciated to the extracted PDFs and of the present accuracy of our knowledge of the proton structure.
For example, differences in the gluon density function leads to different gluon-gluon luminosities
predicted for the LHC, as represented in figure 1. These differences between PDFs sets also trans-
late into spreads of ∼ 7% for the predicted Higgs production cross section and of the order of 3 to
5% for W and Z production. A good remedy to understand and reduce these differences is to input
new data, in order to better constraint the PDFs and possible theoretical treatments.
2. The spine of PDFs determination
Precise PDFs down to very small x≈ 0.0001 can be determined from HERA inclusive neutral
current (NC) and charged current (CC) DIS data alone. Recently, H1 and ZEUS Collaborations
combined the data collected during the HERA I phase (1994-2000) [4]. The average procedure is
based on the minimisation of a c 2 function, whose free parameters are not only the average values
in each measurement point but also the correlated systematics shifts from each data set. This leads
to an effective cross-calibration of the two experiments, greatly reducing systematic errors. A new
combination including high Q2 NC and CC data from the HERA II phase has been released by H1
and ZEUS for this conference [5]. The inclusion of the large HERA II data sets leads to a reduced
2
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Figure 1: (a): The kinematic plane x−Q2 with the regions covered by fixed target experiments, HERA and
Tevatron colliders. The domain probed at LHC for 14 TeV collisions is also indicated. (b): g−g luminosity
for 7 TeV LHC collisions, predicted by different PDFs sets (from [3]).
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Figure 2: (a): HERA I+II combined NC e+p and e−p reduced cross section. (b): HERA I+II combined CC
e−p reduced cross section. The measurements are compared with the HERAPDF1.0 fit.
statistic uncertainty, especially for e−p data, as seen in figure 2, and brings further constraints
on proton valence quark densities and on the separation of u and d quark densities from HERA
data alone. These new data have been used to perform a new stand alone NLO QCD fit using
the same procedure as used for HERAPDF1.0 [6]. The resulting PDFs extrapolated at a scale of
Q2 = 10000 GeV2 are presented in figure 3(b). We can observe that the precision of the PDFs at
high-x is considerably improved, particularly in the valence sector.
3. Gluons of high and medium x in the proton
Jet production at HERA proceeds via the boson-gluon fusion (BGF) and QCD Compton pro-
cesses. It therefore provides a direct access to the gluon density via the BGF process and is also
sensitive to a s and quark densities. New measurements of differential inclusive jet, di-jet and
tri-jet cross sections in DIS and photoproduction have been performed by the ZEUS experiment
using HERA II data with more than a three-fold increase in statistics compared to previous anal-
yses [9, 10, 11]. These measurements represent a stringent test of perturbative QCD, NLO calcu-
lations providing a good description of the data. When included in PDFs fits, the HERA jet data
3
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Figure 3: The parton distribution functions from HERAPDF1.0 (a) and HERAPDF1.5 (b) xuv, xdv, xS =
2x( ¯U + ¯D) and xg, at Q2 = 10000 GeV2.
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Figure 4: (a): Inclusive jet cross sections measured by the CDF experiment. (b): Ratio of high ET jet cross
sections measured by DØ to HERAPDF1.0 prediction. The systematic experimental error is indicated in
yellow, the total uncertainty in blue and the experimental one in red (from [14]).
will be mainly useful to further constrain the proton gluon density for proton momentum fractions
in the range 0.01 < x < 0.4, which is of high relevance for many LHC processes in the central
rapidity range of ATLAS and CMS detectors such as gg → H . At the Tevatron, the production
of highly energetic jets provides constraints on the proton gluon density up to the largest x close
to unity. Recent measurements of the inclusive jet production have been performed by both the
CDF and DØ Collaborations, using a large statistics sample of run II data [12, 13]. Measured cross
sections are in good agreement with the NLO QCD prediction, as can be seen in figure 4(a) for
CDF measurements. The accuracy of the data has been greatly improved and the dominant experi-
mental uncertainty related to the jet energy scale has been reduced to 1 %. The main experimental
uncertainties originate from the PDFs and exceed the experimental precision, as exemplified in
figure 4(b). These Tevatron Run II jet data are therefore now used in global PDF fits, replacing
Tevatron Run I data [15, 16]. The impact is a smaller high-x proton gluon density preferred by
these data. But, due to a large number of sizable correlated systematic uncertainties in these jet
data, their inclusion in global PDF fits leads to only a small reduction of the fractional uncertainty
on the high-x proton gluon density [15].
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4. Gluons and heavy flavours in the proton
The longitudinal structure function FL is a fundamental form factor of the proton which is
directly related to the gluon density in the proton [18, 19]. At low x, FL is a direct measure of
the gluon distribution to a good approximation. A direct measurement of FL can be performed
if the cross section s (Ep) ∼ F2(x,Q2)+ f (y)FL(x,Q2) is measured at fixed x and Q2 but variable
y. This was achieved at the end of the HERA running by varying the collision energy
√
s in two
dedicated runs at lower proton beam energies of 460 and 575 GeV. Data from the H1 and ZEUS
experiments have been combined to provide a direct measurement of FL in the low x regime and for
Q2 down to 2.5 GeV2. The measurements averaged in x for each Q2 bins are shown in figure 5(a).
The lowest x and Q2 measurements exhibit an interesting sensitivity to differences in theoretical
treatment in PDFs fits. The predictions at NNLO seem to return a better description of the FL
data compared to HERAPDF1.0 fit performed at NLO. Heavy quark flavours in the proton being
radiatively generated from gluons, different theoretical treatments of heavy flavours in PDF fits
lead to different gluon densities and therefore to different predictions for FL, as exemplified in
figure 5(b).
The understanding of the heavy flavour content of the proton is of particular importance for
searches of particle that directly couple to the mass at the LHC, especially for the Higgs studies.
In DIS, interactions initiated by heavy quarks can be tagged by the presence of heavy flavours
signals in the final state. Such interactions occur when gluons in the proton fluctuate to a pair of
heavy quarks, one of which interacting with the photon (boson-gluon fusion process). Therefore,
the study of heavy flavour interactions in DIS may also constrain the gluon content of the proton.
Charm events are tagged at HERA using fully reconstructed D mesons or displaced track impact
parameters. Several results from H1 and ZEUS experiments on the measurement of the charm con-
tribution Fcc¯2 to the proton structure function F2 have been recently combined [21]. The averaged
Fcc¯2 obtained is presented in figure 6(a). The precision of the averaged data is comparable or better
than the difference among the various predictions and will therefore lead to improvements in the
proton structure determination. A recent analysis has shown that the inclusion of these averaged
Fcc¯2 data helps to reduce the uncertainties due to the heavy flavour treatment in PDF fits on the
W± and Z production cross section at LHC to below 1% [22]. Beauty production at HERA probes
the gluon density mainly at larger proton momentum fractions x ∼ 0.01, where it is well known
from scaling violations. The available measurements of the structure function Fb¯b2 at HERA are
presented in the figure 6(b). This includes new measurements from the ZEUS Collaboration using
secondary vertex tagging or electron decay of beauty hadrons and exploiting the full HERA II data
set [23], leading to a significant reduction of the statistical uncertainties. The full potential of these
data will be obtained by the combination of H1 and ZEUS measurements and may provide in a
near future constraints on the effective beauty quark density in the proton, which can then be used
to improve predictions at the LHC for processes such as b¯b→ H or b¯b→ Z.
The heavy quark content of the proton can also be tested at the Tevatron using measurements
of the associated production of a boson (V ) and an heavy quark (Q). Such events are produced
primarily through the QCD Compton-like scattering process g Q → V Q, but also through quark-
antiquark annihilation qq¯→V g →V Q ¯Q. Such processes could therefore provide some sensitivity
to gluons and heavy quarks in the proton and their measurements provide good tests of perturbative
5
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Figure 5: Combined H1 and ZEUS FL data as a function of Q2 averaged in x bins versus predictions from
HERAPDF1.0 performed at NLO and NNLO (a) or performed under various heavy flavour treatments (b).
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Figure 6: HERA averaged Fcc¯2 (a) compared to recent QCD predictions and Fb¯b2 (b) as a function of Q2 for
various x values measured at HERA, compared to different theoretical predictions.
QCD calculations. They are also important background in different searches and need thus to be
controlled. Differential cross sections for the inclusive production of a photon in association with a
c or b jet in pp¯ collisions have been measured by the DØ Collaboration [24]. These measurements
probe the proton gluon and b, c quark PDFs in the range 0.01 . x . 0.3. The pQCD prediction
agrees with the measured cross section for g +b+X production, but the experimental error is still
larger than the PDF uncertainty. For g + c+X production, the measured cross section is higher
than the prediction for P gT > 70 GeV. Concerning the production of a Z boson with a b-jet, first dif-
ferential cross sections have been measured by the CDF experiment [25]. Large variations are seen
between the theoretical predictions as no full NLO QCD calculation is available for this process.
The predictions generally describe the data, but the agreement is better for those predictions that
use a low value for the renormalisation and factorisation scales.
5. Another view on the gluon at small x: hard diffraction
At low x values, the gluon content of the proton may also be probed by hard diffractive inter-
actions. Such interactions result from a colorless exchange and can be viewed at leading order in
pQCD as a two-gluon exchange. Experimentally, diffractive interactions are characterised by a final
6
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Figure 7: Diffractive reduced cross section measured by H1 from events wit ha large rapidity gap or with a
tagged proton.
state proton staying intact or quasi-intact and by the presence of a gap in rapidity, with no activity
in the detector, which separate the hadronic system from the scattered proton. In pp¯ collisions, the
observation of diffractive events is complicated by soft interactions from possible re-scattering of
final state protons, which will destroy rapidity gaps. HERA therefore remains the unique place to
study the exact nature of the diffractive exchange and its parton composition. Diffractive scattering
can be identified via the rapidity gap or by tagging the non-dissociated proton in forward proton
spectrometers. New measurements of the inclusive diffractive DIS ep→ eX p cross section have
been released recently by H1 [28, 29, 30] and ZEUS [31] Collaborations. As demonstrated in fig-
ure 7 summarising H1 measurements, they provide now a large kinematic coverage with a greatly
improved accuracy. Similarly to standard DIS, a hard scattering collinear factorisation theorem [32]
predicts that the cross section for diffractive DIS factorises into a set of universal diffractive parton
distribution functions (DPDFs) of the proton and process-dependent hard scattering coefficients.
DPDFs can then be extracted via a fit to diffractive inclusive, and also di-jet, cross sections in DIS
at HERA [33]. Such DPDFs are used for example at the Tevatron to predict the background arising
from inclusive diffraction in the exclusive diffractive production of heavy objects as di-jets [34].
DPDFs extracted from HERA data will therefore be an important input to the forward physics
program at the LHC, in particular for the search of central exclusive Higgs production [35].
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